SEPTEMBER 1971

POND, PHELPS, PAQUIN, McBEAN AND STEWART

Measurements of the Turbulent Fluxes of Momentum, Moisture
and Sensible Heat over the Ocean

S. Ponp,! G. T. PrELPS AND J. E. PaqQuin
Dept. of Oceanography, Oregon State University, Corvallis
AND G. McBEaN AND R. W. STEWART
Institute of Oceanography, University of British Columbia, Vancouver, Canada

(Manuscript received 10 February 1971, in revised form 3 May 1971)

ABSTRACT

This paper describes results of measurements of the fluxes of momentum, moisture and sensible heat by
both the eddy correlation and “dissipation” techniques. The data were collected on the R/V Flip during
BOMEX (Barbados Oceanographic and Meteorological Experiment) and during a pre-BOMEX trial
cruise near San Diego in February 1969. The results are mainly based on data collected by personnel from
Oregon State University and the University of British Columbia. We are grateful to the University of
Washington personnel who have made their data and results available to us to check some of our results
and allowed us to use their temperature fluctuation data from the San Diego cruise when our equipment
failed to provide such data.

The methods of determining the fluxes are discussed. The instrumentation and methods of data analysis
are described. The effects of Flip’s interference on the flow are described and the method of removing the
interference from the results is given. The spectra of the three components of velocity fluctuations and
the cospectra between the vertical velocity fluctuations w and the downstream velocity #, temperature T,
and humidity ¢ fluctuations are presented. The fluxes determined by the eddy correlation method are
compared with fluxes estimated from the rates of dissipation of kinetic energy and scalar fluctuations.
These fluxes are then used to evaluate the constants in the bulk aerodynamic formulas for estimating the
fluxes.

The normalized velocity component spectra and the normalized #w cospectra appear to have universal
forms and are similar to earlier results. The normalized w7 cospectra do not appear to have a universal
form. The normalized wq cospectra do appear to have a universal form and are very similar to the normalized
uw cospectra. As has been found before, the dissipation and eddy correlation methods agree quite well on
the average for the momentum flux. The two methods do not give the same results for the sensible heat
flux for BOMEX although there is fair agreement for the small number of San Diego results. The two
methods do give good agreement for the moisture flux. Comparison of the eddy correlation flux for mo-
mentum with the mean wind speed squared leads to a drag coefficient of 1.5X1073. The sensible heat flux,
however, does not show a good relationship with the mean wind speed times the mean sea-air temperature
difference during BOMEX. For the San Diego results the relationship is fair and similar to other measure-
ments. The moisture flux shows a strong correlation with the wind speed times the mean sea-air humidity
difference. The non-dimensional aerodynamic evaporation coefficient (corresponding to the drag coefficient
for momentum) was found to be 1.2)X10~° with an uncertainty of about 20%,. This result based on direct
measurements of the flux agrees rather well with some earlier indirect estimates based on evaporation pan
data.
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1. Introduction

This paper describes results of measurements of the
fluxes of momentum, moisture and sensible heat ob-
tained by both the eddy correlation and “dissipation”
techniques. The data were all collected from the R/V
Flip (floating instrument platform) which is operated by
the Marine Physical Laboratory of Scripps Institution
of Oceanography (Bronson and Glosten, 1968). The
results are based mainly on data collected during the
BOMEX experiment in May 1969 but include a few

1 Present affiliation: Institute of Oceanography, University of
British Columbia, Vancouver, Canada.

measurements from a pre-BOMEX trial cruise made off
San Diego in February 1969.

The measurement program was a cooperative one
with investigators from the University of California at
San Diego, University of Washington (UW), University
of British Columbia (UBC) and Oregon State University
(OSU). The OSU-UBC measurements were strongly
integrated since the UBC personnel measured velocity
fluctuations and the OSU personnel temperature and
humidity fluctuations. The results in this paper are
based largely on the OSU-UBC measurements. We are
grateful for the cooperation of the other groups on
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board for supplying supplementary and comparative
data. As part of the program the UW personnel made
observations of wet and dry bulb temperatures with an
Assmann psychrometer and of sea surface temperature.
‘We have used these values and our flux measurements
to obtain aerodynamic formulas for estimating the
fluxes. In addition, we are extremely grateful to UW
for permission to use their data in the following ways.
First, for the use of their cup anemometer results to
check (and in the case of the BOMEX data, to correct)
the mean velocities obtained from the sonic anemom-
eter. Second, for the use of their temperature fluctua-
tion data from the San Diego cruise during which time
the OSU-UBC equipment did not provide such data.
The use of these temperature data allowed us to compute
the sensible heat flux during this cruise for comparison
with our other results.

The analysis of these data has been complicated by
the effects of Flip on the velocity measurements. While
Flip is very stable compared to a surface ship, she does
rock back and forth in the waves and spurious contri-
butions to the velocity spectra are introduced at wave
frequencies. Flip also rotates back and forth around her
vertical axis and introduces spurious contributions to
the spectrum of the cross-stream (v) velocity component
mainly at frequencies <0.01 Hz. The most serious effect
is that Flip apparently tilts the whole flow field by
5-10° in the vertical so that the mean wind has a down-
ward component. The first and second effects can be
fairly well removed from the final flux values. Correc-
tion for the vertical tilt can be made but is complicated
by the second effect and is based on a fairly strong as-
sumption. Even if this assumption is correct, consider-
able uncertainty in the final flux values is introduced
(15-25%, in the momentum flux and 5-109, in the
moisture and sensible heat fluxes).

Although the instruments were mounted some 14 m
from the side of Flip, the distance was not sufficient to
remove the strong tilt effect. We expected some effect
because Flip’s cross section through the sea surface is
smaller (~3.5 m) than her cross section higher up at the
observation level (approximately 8 m), but were sur-
prised that the tilt was so large. Part of this tilt in the
vertical may also have been produced by the flow inter-
ference of the main horizontal boom (an open box sec-
tion about 30 cm high) which was about 2 m above the
instruments. Because of mounting arrangements, the
sonic anemometer was probably only level within 2 or
3°, so this apparent tilt in the flow was verified by
observing, with the horizon for reference, a streamer
(1-mil magnetic tape) attached to the sonic array.

Since even a tilt of 2-3° cannot be neglected when
computing the fluxes (Pond, 1968), the lack of a correc-
tion for a tilt of 5-10° would make the final results
meaningless. We felt that we could remove small in-
strument tilts in the way proposed by Smith (1967), by
rotating the coordinate system until the correlation
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between the vertical (w) and downstream () compo-
nents of velocity had the right behavior as a function of
frequency. While such an approach requires that the
correlations as a function of frequency for the present
measurements be the same as for those of Smith (1967)
and Weiler and Burling (1967), the assumption seems
to be quite reasonable. The same approach can be used
for correcting for the tilt in the flow plus the instru-
mental tilt. In this case, however, we must make the
much stronger assumption that the Flip induced tilt in
the flow does not distort the Reynolds stress (uw) in
such a way that the correlation between # and w is
affected. We have made this assumption because we
could not obtain results by the eddy correlation tech-
nique in any other way. The final results for velocity
are consistent with other measurements and give us
some faith in the correctness of our assumption and in
the results for the scalar (moisture and sensible heat)
fluxes. The procedure for rotating the coordinates is
given in more detail in Section 3e.

The dissipation technique of estimating the fluxes
was also used. Fortunately, it is not very sensitive to
tilt. Since the dissipation technique has been compared
with the eddy flux method for momentum before, we can
use this method to check that our rotations have given
reasonable results for the momentum, and hence the
other eddy fluxes. This method has never, to our
knowledge, been tried for the scalar fluxes. Our results,
therefore, provide a preliminary test of this method for
these scalar fluxes.

Finally from our flux values and observations of wind
speed and sea-air temperature and humidity differences,
we have evaluated the coefficients in the aerodynamical
formulas for estimating the fluxes. These coefficients
should be of interest to the other investigators in
BOMEX for comparison with their results. Because of
analysis difficulties the momentum (drag) coefficient
must be regarded primarily as a check on our analysis.
During BOMEX the latent heat flux provides 85-90%,
of the total heat flux. The coefficient for moisture (and
hence latent heat) flux should, therefore, be the most
useful result of our aerodynamic analysis.

2. Methods of determining the fluxes
a. Eddy correlation method

This method is based on obtaining averages of the
vertical velocity with the parameter of interest; thus,
we have

Momentum flux=—puw=r
Sensible heat flux=pCwT=H, 0

Moisture flux=wg=F£

Latent heat flux= Lw—q=H L
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where the overbar indicates averaging, p is the air den-
sity (for San Diego p=1.24X10~% gm cm™3, for BOMEX
p=1.16X10"3), u the velocity fluctuation in the down-
stream direction, w the vertical velocity fluctuation,
C»p the specific heat at constant pressure [1.00X107 ergs
gm™! (°C)~*], T the absolute temperature (°K), ¢ the
absolute humidity (ug cm™3), and L the latent heat of
vaporization (for San Diego L=2460X107 ergs gm™
for BOMEX L=2440X107 ergs gm™1).

The choice of units for the final flux values is not
standardized for the heat fluxes. We have chosen to use
milliwatts (mW) per square centimeter (1 mW cm™2
=10* ergs cm? sec™!) because they give convenient
numbers. Some conversion factors are: 1 mW cm™?
=14.3 mcal cm™2 min~!'=20.6 cal cm™? day~!. We ex-
press the moisture flux in pg cm™2 sec™, where 1 ug
cm~? sec™! is equivalent to an evaporation rate of 0.86
mm of water day™! or 31.6 cm of water year—.. The
stress or momentum flux is given in dynes per square
centimeter.

In practice, we determine the fluxes by integrating
the cospectrum ®., (¥ may be either u, T or ¢), which
has the property that

= / Byo(f)df. (2)
0

We cannot of course integrate over all frequencies. The
lower limit is set by the record length and the upper
limit by the response of the instrument. By examining
the measured cospectra we can determine whether or not
we have included all frequencies which make significant
contributions to the flux. We can also remove any wave-
induced Flip motion effects by correcting the cospec-
trum in the wave-frequency band. Likewise, variances
are obtained by integrating the corresponding spectrum
®,, which has the property that 22=/"¢* &,(f)df, where
x may represent any fluctuating quantity.

b. Disstpation method

This method has been compared with the direct (eddy
correlation) method by various investigators concerned
with the evaluation of the momentum flux (e.g., Smith,
1967; Weiler and Burling, 1967; Miyake ef al., 1970a).
It is based on the assumption that the production of
mechanical energy is equal to the dissipation of mechani-
cal energy at the same height in near neutral conditions,
Le.,

—-au
production = —uw 7= dissipation =e, 3)
z
where %, w are defined as before, U is the mean wind
speed and z height. Assuming the logarithmic profile, we
have
AU  u, -
—=—, w=—uw,
dz  «xz

4)
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where « is von K4rmén’s constant (0.4). Therefore,
(5)

The value of € can be determined from the inertial sub-
range of the downstream velocity spectrum, i.e.,

Dy (k) =K'k, (6)

where K’ is the one-dimensional Kolmogoroff constant
and k the radian wavenumber obtained from the fre-
quency using Taylor’s hypothesis, k=2rf/U (Pond
et al., 1966). The dissipation € may also be determined
from the second-order structure function in the inertial
subrange (the method actually used), i.e.,

w2 =(kez)?.

D, (r) =[u(x+r) —u(x) Jp=4.02K’ 5, (N

where % is the coordinate in the downstream direction,
#=—1U¢ is the separation between the points of ob-
servation, and ¢ is time.

The results obtained by the investigators mentioned
above give stresses from the dissipation which are higher
than the eddy correlation stresses. This discrepancy can
be explained, at least partially, in terms of some new
results that have become available. The value obtained
for #,? depends inversely on K’, the Kolmogoroff con-
stant, and the value 0.48 was used. However, on re-
examining the data used to obtain K’ in Grant ef al.
(1962), Nasmyth (1970) found some corrections were
necessary leading to a revised value of 0.56. From an

-examination of the second- and third-order structure

functions for # (from the same data set as that used in
this paper) Paquin and Pond (1971) obtained a K’ of
about 0.55. Using K’=0.55 reduces the value obtained
for €f, and hence u2, by some 159,. Busch and Panofsky
(1968) and Wyngaard and Coté (1971) have shown in
recent investigations of the turbulent energy budget
that dissipation is approximately equal to mechanical
production plus buoyant production B. Thus, in Eq. (5),
¢—B might be more appropriate than e. Only the paper
of Miyake et al. (1970a) provides sufficient information
to make both corrections. The average buoyancy cor-
rection is only about 5%, for their data. With both cor-
rections, their drag coefficient Cp from dissipation is
reduced to 1.1X1073, in good agreement with both eddy
flux (Cp=1.09X10"%) and profile measurements (Cp
=1.13X1073).

In our computations of (#4*). we obtain € from Eq.
(7) using K’=0.55 and correct for the buoyant produc-
tion in Eq. (5) with

B (ﬁ+ ! 0.47X1073 wg (8)
=8\ — —X0.47X1073 w ))

T 213 !
where g is the acceleration of gravity (980 cm sec™2) and
T the absolute temperature (for San Diego 284K, for

BOMEX 300K). Note that we have included the effect
of the humidity fluctuations in the buoyant production.
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There is one further effect which we have not in-
cluded. It is well known that in unstable conditions the
gradients (profiles) of wind speed and temperature or
humidity are less than those obtained from formulas
based on near neutral conditions (Lumley and Panofsky,
1964), although there is some disagreement on the best
method of correcting for this reduction. We include a
discussion of the scalars, denoted by v, since we need
the results later. We use v to represent either humidity,
potential temperature { 7Tz, where T is the adiabatic
lapse rate}, or the potential virtual temperature?
{©O=1T140.47X1073(T/273)g]+Tz}. We adopt the
profile forms for unstable conditions used by Miyake
et al. (1970a) since they lead to successful comparisons
between profile and eddy correlation methods of ob-
taining the momentum and sensible heat fluxes; thus,
we have

9)

The correction factor a=(1—16 Ri)}, where the
Richardson number Ri={(g/8)(d8/dz)/(dU/dz)?, and
vx=—wy/(kuy). With this definition of Ri and profiles
of the type shown in (9), we have

Ri=— <JT+T 0.47 103‘“> (1453/x2)
i=—=—gl —+—X0.47 X103 % /u z),
T 23 ¢ /e

where the right-hand side is the negative ratio of the
total buoyant and mechanical productions, neglecting
stability effects on dU//dz, and L is the Monin-Obukhov
length with both humidity and temperature effects in-
cluded. We note that the effect on the scalar profiles is
larger than that on the wind speed profile. With this
stability effect included, we have

(us?)e=[k(e— B)zJiat.

We have not included the of in our calculation of (#42).
since neglecting it gives better results both for our data
and those of Miyake ef al. (1970a). The average Cp by
the dissipation method would be increased about 15%,
for their results and 259, for ours. Eq. (3) neglects any
vertical diffusion of turbulence energy. As instability
increases and dU/dz decreases, the production rate
lower down becomes relatively greater which may in-
crease the upward flux. Such an increased flux might
compensate for the reduced local production, at least

(10)

? The virtual temperature takes this form rather than the more
familiar form 7T(14-0.61¢’), where ¢’ is specific humidity (gm
gm™), because of the units chosen for ¢ (ug em™3) which are
otherwise convenient. The factor 0.47X1073(7/273)=0.61/p,
where p is air density (gm m™8). Likewise, this same ¢ factor
appears in the expressions for B and Ri.
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for the moderate range of stability of our results, making
a correction to dU/dz=u/ (kz) unnecessary.

An analogous method can be used to obtain values for
the scalar fluxes from the dissipation, V,, of the scalar
fluctuations. We again equate production with dissipa-
tion (of v%/2, proportional to potential energy), giving

—_dy
—wy _=N77
dz

(11)

where IV,, is obtained from the spectrum or, equiva-
lently, from the structure function D,.,, the method
actually used. Thus, in the inertial-convective subrange,
we have '

b, =B,/ N e ¥5/3

o } (12)
Dy =T 3 (&) = 4028,/ N byt

where
/ &, (k)dk=v%, N,=3n, / k2®,dk,
4] 0

7,18 the kinematic diffusivity, and B, is the Kolmogoroft
constant for scalar fluctuations. We now obtain the
dissipation ¢ from Eq. (7) for use in Eq. (12). Substitut-
ing in (11) from (9) we have xuyys’02% =N, which,
with the use of [k(e—B)z]* for uy, becomes

Kty Y =at(kz) 23N 112 (e—B)1/E. (13)
Note that in this formulation we have included the
gradient correction factor for the scalar gradient but
not for the velocity gradient. Including the second
correction would have changed the factor in (13) from
a to @™/t a difference of about 5%,. We include the a
factor in the scalar gradient because the method em-
pirically gives better results when it is included. Wyn-
gaard and Coté (1971) have found that the flux diver-
gence term in the temperature fluctuation energy budget
is always small compared to local production and hence
production approximately equals dissipation. Thus, the
flux divergence cannot compensate for the reduced local
production caused by the decrease in d¥/dz with increas-
ing instability.

Because we are testing this method, we obtain B
from the measured eddy correlations. If one only had
estimates of the dissipation rates one would initially
use € in (13) to obtain an estimate of B, and then iterate
until B converged. Since (e—B) occurs as a 1/6 power
and B< e under usual conditions over the ocean, con-
vergence would be rapid. For example, €/ and (¢e—B)'/¢
for our data differ by less than 6%.

The reason this method has not really been tested
before is that the value of B, has not been well estab-
lished. There are a number of recent measurements of
this constant, but there is still some disagreement.
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Wyngaard and Coté (1971) obtain Nz by measuring all
the other terms in the energy balance equation for
72/2 and obtain 0.794-0.10 (mean + standard devia-
tion) for By'. By examining second- and third-order
structure functions for both temperature and humidity,
Paquin and Pond (1971) obtain a B, of 0.82-+-0.12 with
no difference between temperature and humidity within
the variance of the results. Gurvich and Zubkovsky
(1966) give values of 0.9 from structure functions and
quote an earlier result of 0.7, for comparison. We have
used the value B,’=0.8 in our calculations since it is
based on measurements in the region of the spectrum
which we are using to obtain N7 and NV, for estimating
the fluxes. Paquin and Pond (1971) discuss some other
measurements, some in agreement with and others
different from the value 0.8, so further discussion is
omitted here.

The dissipation method is somewhat empirical and
has uncertainities because of the assumptions made
and uncertainty about the exact values of the Kolmo-
goroff constants. However, it is very attractive because
it is simpler than the eddy correlation and profile
methods and can be used under conditions of flow dis-
tortion and platform motion which would make these
other methods difficult if not impossible.

[—' Fluctuations

- { Instruments

Array

PAQUIN,
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Fic. 1. Photograph of R/V Flip with instrumentation array, a.,
and schematic diagram, b.

¢. Aerodynamic methods

From a practical point of view it is more useful if one
can relate these fluxes to more standard observations
such as mean wind speed and sea-air temperature and
humidity differences, i.e.,

7/p=—uw=CpU?
H,/(oCp)=wT=CoUAT [,
Hi/L=E=wqg=C,UAq

(14)

where AT is the difference between sea surface tempera-
ture and the air temperature at a reference height and
Ag the corresponding mean moisture difference. Roll
(1965) discusses the derivation of these equations and
suggests that Cp~Cr=C, for conditions not too far
from neutral.

3. Data collection and instrumentation

Fig. 1 shows the arrangement. The instruments were
about 14 m from Flip and about 8 m from the water
(for San Diego 8.5 m; and for BOMEX 8.1 m for OSU
runs 5-11 and UBC runs 1-5, and 8.6 m for OSU runs
12-15). The vertical boom could be brought in about
two-thirds of the way where the instruments were ac-
cessible from a catwalk. The arrangement was not ideal;
we would have preferred to have the instruments out-
board of the profile mast or further below the horizontal
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boom but did not have time to modify the mechanical
arrangements to make a better mounting possible. The
vertical tilt of the flow is probably associated with the
mounting arrangement as well as the presence of Flip
itself.

It was planned that Flip would be oriented with the
main deck facing the wind and the boom perpendicular
to the wind. It was not possible to maintain this orien-
tation exactly but the data have been selected from cases
when the angle was within 30° of the desired direction
and usually with the boom slightly upwind of Flip
rather than downwind. During the San Diego experi-
ment Flip was attached to an anchor by a bridle and
maintained her heading fairly well although there was
some rotation about the vertical axis. During BOMEX
it was not possible to anchor Flip. Instead the tug which
towed Flip out was attached to a bridle with about 800
m of line. This arrangement, with Flip a sort of “‘sea
anchor” for the tug, worked reasonably well some of the
time, particularly after the tug began to steam slowly
(10 rpm) downwind instead of just drifting. By selecting
data it was possible to find runs for which this rotation
did not affect the analysis too badly, about comparable
to the San Diego data.

a. Velocity measurements

The three components of velocity were measured with
a Kaijo Denki model PAT-311 ultrasonic anemometer.
This instrument is widely used now and has been de-
scribed before (e.g., Miyake et al., 1970b). It measures
both fluctuations and the mean velocity. The mean
velocity is obtained by using the observed average of
the fluctuations output and the offset values which are
inserted to balance out the mean flow. These zero offsets
are independent of the fluctuations part of the circuitry
and its calibration. Because cup anemometers are more
reliable for measuring mean speeds, we checked the
sonic anemometer against the profile values measured by
the University of Washington group with a Beckman
and Whitley cup anemometer. The time periods are not
always exactly the same, so the comparison could not be
exact. We found that for the San Diego data the two
values were the same within £5%. For the BOMEX
data there was apparently a zero offset in the magnitude
of the sonic anemometer velocities of 80 cm sec™! for
OSU runs 5~11 and UBC runs 1-5 and 125 cm sec™ for
OSU runs 12-15. Note that there is a break in the data
collection between OSU runs 5-11, UBC runs 1-5 and
OSU runs 12-15, while Flip was towed back into the
BOMEX array. Some adjustments were made to the
sonic anemometer during this break (apparently not
for the better) and these adjustments explain the differ-
ence in offsets between the two sets of data.

With this offset correction the two instruments again
agreed within 5% (with the exception of OSU run 8
where the angle of attack was rather poor). We have
used the corrected sonic anemometer velocities and feel
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that they are accurate to about 5%. Fortunately, the
fluctuations calibration is independent of the zero offset
and is also accurate to 59, or perhaps a bit better.

b. Temperature measurements

With the kind permission of the UW Department of
Atmospheric Sciences we used their temperature fluc-
tuations data for OSU runs 1-4 (San Diego) when the
UBC temperature equipment did not work and the OSU
temperature equipment was not on board. The sensor is
a very small thermocouple with a high gain dc amplifier
attached. Calibration is accurate to within 59, and the
response is 3 db down at about 3 Hz which is sufficient
to measure the flux.

During BOMEX, temperature fluctuations were
measured with the OSU platinum resistance thermom-
eter with calibration accuracy of 3-5%, and 3 db point
at 80 Hz (Phelps ¢! al., 1970).

¢. Humidity measurements

The humidity fluctuations were measured with the
OSU a-Lyman humidiometer which is manufactured by
Electromagnetic Research Corp. The instrument has
just begun to be used in the atmospheric boundary
layer. Phelps ez al. (1970) describe the mechanical addi-
tions made at OSU and also some early results. Miyake
and McBean (1970) show a comparison between this
instrument and a dew point hygrometer and discuss flux
measurements made with this instrument over land.
Now that we have used this instrument more exten-
sively, additional comments on its operation are in
order. The output voltage of the instrument has the
form

V=V, exp(—Ag), (15)

where A is a constant which depends on path length,
the absorption coefficient for water vapor, and on the
current through the a-Lyman source tube. Since the
path length is kept fixed during calibration and subse-
quent experiments, we can ignore this dependency. The
constant A is then determined by calibration against
a psychrometer or some other standard device for a
range of source tube currents I (0.08—1 mA in the
instrument used) and humidity values. Above 0.25 mA
or so A changes very little with source tube current but is
rather more sensitive at low values of 7. This variation
is presumably due to changes in the output spectrum of
the source tube as the current through the tube is
changed. The sensitivity probably varies from tube to
tube. As the tube is used, it ages and its output goes
down so the instrument is not reliable for measuring
the mean humidity over periods longer than a day or so.
Fortunately, it appears that the fluctuations calibration
is pretty well independent of the source tube aging, at
least at fairly large source tube currents where A is inde-
pendent of this current. To demonstrate this feature we
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rewrite Eq. (15). We define § by V=V, exp(—A\),
where V is the average voltage over a data run. Then

putting g=g+¢ in (15), we have
V="V exp(—A\J) exp(—Ag") =V exp(—A¢’)
1V

¢=—-In—

A

or
(16)

Note that while ¢/520, ¢<<g or 7. As the source tube ages,
V and V go down in proportion, but In(V/V) varies in
the same way. If A does not change as the tube ages, the
fluctuations calibration is independent of the source
tube aging. Based on our experience during the BOMEX
experiment, it seems that A did not change as the tube
aged. Because the fluctuations are fairly small, (16) can
be linearized with an accuracy of 1 or 29, for our data
runs to give

(4

V=V-T. a7

g~ ——,

AV

The OSU analysis is based on (16) while the UBC
analysis is based on (17).

It is rather difficult to give a good value for the 3-db
point of this instrument since there is no better respond-
ing instrument to compare it with. However, the 3-db
frequency should be about 10 Hz, perhaps more for the
wind speeds encountered (see Phelps et al., 1970) so the
flux measurements should be satisfactory.

For the San Diego data the instrument was calibrated
in the laboratory and the source tube aging was small;
thus, the calibration is quite reliable with an accuracy
of 5-10%. The instrument was compared with the UW
fluctuations psychrometer which uses small wet and
dry thermocouples. The two instruments gave highly
coherent signals with essentially zero phase difference
below about 0.1 Hz. The psychrometer gave amplitudes
from 5-109%, lower than the humidiometer. A joint note
on the details of this comparison and the suitability of
the two instruments for flux measurements will be put
out by the OSU-UW groups.

For the BOMEX operation the calibration was made
onboard ship using a Bendix psychrometer (Psychron
model 566) and was not as accurate. Calibrations were
made before the cruise and in the break while Flip was
being towed back into the array. Source tube aging oc-
curred but A did not appear to change or to differ for the
two source tube currents used, generally 0.75 and oc-
casionally 1.0 mA. We feel that the calibration is good
to about =109

The signals from these instruments were recorded on
an analog magnetic tape recorder (Ampex FR-1300)
and later digitized at UBC and analyzed by digital
techniques.
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d. Data analysis

We have not analyzed all the data that we collected,
about 20 hr day— for 10 days during BOMEX. We feel,
however, that we have analyzed a representative sam-
ple. Although much more of this data could be analyzed,
it would probably not affect the overall results. Some of
the data were analyzed at OSU and some at UBC. The
UBC data were chosen around the time of an aircraft
fly-by by other UBC personnel, while the OSU data
were chosen to give data spread over the whole data col-
lection period. Analog filtering was done before A/D
conversion to eliminate electronic noise at frequencies
above the band of interest. Corrections for this filtering
have been made where they are significant. Both groups
based their analysis on the fast Fourier transform
method but there are slight differences.

For the OSU analysis, sampling was done at about 10
samples sec™. The runs were broken down into blocks
of 8192 samples and the fast Fourier transform applied,
giving spectra and cospectra over a frequency range
of about 0.001-5 Hz, a range sufficient to obtain all
significant contributions to the fluxes. Spectra and co-
spectra were obtained by band averaging so that the
final estimates were approximately equally spaced with
logf as the variable. About seven points per decade were
obtained. The individual block averages were then
averaged together in each frequency band to obtain the
final spectra and cospectra for the run (2-7 blocks).

For the UBC analysis sampling was done at about 20
samples sec™, The runs were broken down into blocks
of 1024 samples, fast Fourier transformed, band-
averaged to give about seven points per decade, and
averaged over the run. This high-frequency analysis
gives values from about 0.1-10 Hz. To get estimates
for the low frequencies the average values for each block
are fast Fourier transformed. In cases where the number
of blocks is not a power of two, the series is completed by
making the last few points equal to the average over the
whole run and the final estimates are weighted accord-
ingly. This low-frequency analysis gives values from
about 0.00025-0.01 Hz. It conserves variance, that is,
the integrals under the spectra and cospectra are correct
but the spectral shape and phase relationships are dis-
torted particularly near the Nyquist frequency of 0.01
Hz. In order to make our results more comparable, the
UBC spectra and cospectra were only integrated down
to 0.001 Hz, that is, the same low-frequency cut off was
used for all data.

An examination of the velocity spectra and the ww
cospectra show that the wave-induced #/ip motions are
introducing spurious contributions near 0.1 Hz. (These
effects can be seen on the normalized plots in the re-
sults.) One to three estimates are affected. A correction
is made to the integrals by drawing a smooth curve
through this region on an f®, logf plot based on both
sides of the affected region. The corrections are typically
5-10% of the total integral and thus the corrected inte-
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grals are negligibly affected by the wave-induced Flip
motions. No wave effects are noticeable in the scalar
spectra or the w7, wq cospectra.

¢. Coordinate rotations

The measured velocity components in the horizontal
are rotated so that one is parallel to the mean horizontal
velocity and the other perpendicular. In the UBC
analysis the rotation is based on the average over the
whole run. In the OSU analysis the rotation is done for
each block (approximately 13 min long) and the differ-
ences in angle (typically within 5° of the run average) is
ignored since the effects on the results are negligible.
Because of the zero offset in the sonic anemometer out-
put which might be somewhat different for the two
horizontal channels, there is some question about the
accuracy of this coordinate rotation. However, we ex-
pect the vw cospectra to vanish if we are in the correct
horizontal coordinate system. Examination of these
cospectra indicate we are typically within 5° of the
coordinate system for which these cospectra are zero,
outside frequency ranges where they are affected by
waves and Flip’s rotation around her vertical axis. Even
an angle error of 0.2 rad (11.4°) in the horizontal is
negligible since the stress is reduced by the factor
cosd (0.98).

If we rotate through an angle 6 in the #,w plane [a
negative angle being one which makes the positive x
(downstream) axis point downward], then using primes
to denote values in the new coordinate system, we have

M 3
u' =u cosf+w sinf

w’ =w cosf—u sinf
W =uw c0s20—3% (Ut —w?) sin26
—_— —_ _ o (18)
1#'2=92 cos?0+w? sin20-+uw sin26

w2 =w? cos?f-+u? sin?f —uw sin26

w'y =;'y_ coso~;4; sinf ]

Since these mean square and flux values are formed
from sums of cospectral and spectral values, the spectra
and cospectra rotate in the same way, i.e.,

&,/ =®, cosf-+®, sin?f-+ &, sin2f

&, =&, cos?0+P, sin2d—P,,, sin28
&, =Py, c0s20—3(P,—P,) sin26
&, =®,, cosf~ D, sinf

(19)

The rate of change with angle depends on the magni-
tudes of the various terms. Typical values (percent per
degree) for our data are: —uw, 13; u2< —1; w?, 2; g, 5;
wT, 3. In the Appendix we give the values that are
necessary to obtain flux and variance values in any
desired coordinate system.
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The selection of the correct rotation in the u,» plane
is rather difficult. In order to get reasonably accurate
flux values, particularly for momentum, we need to be
within 1 or 2° of the correct system. We have based our
rotations largely on making the correlation coefficient
Ry = Do/ (8uPy)? approximately equal to —0.5 in the
band 0.01< fz/U<0.1. The selection of —0.5 is based
on the results of Smith (1967) and Weiler and Burling
(1967). We realize that for any given run (R,.), the
average of the six or seven estimates in this band, need
not be exactly —0.5 even if we are in the correct
coordinates. However, we feel that this method gets us
within a degree or two of the correct system. For the
UBC runs this criterion can only be applied to the high-
frequency analysis which limits the band at the low end
to 0.02-0.03. The rotation of Flip around her vertical
axis sometimes appears to affect the values of R, for
f2/U<0.03, making the selection of the correct angle
of rotation somewhat subjective. The motion effects
usually affect not only R.. but the phase between #
and w, and also R, Ru., and corresponding phases, and
are sometimes associated with larger ®, than adjacent
estimates. A low value of Ry, is possible statistically,
but it does not affect the phase or the values of Ryy, Ry
and their phases very much and is often associated with
smaller than usual values of either &, or ®,. In the
Appendix we give the values of (R,.) along with some
notes as to why the particular values were chosen. In
the band used (R,.) changes by —0.04 per degree. Be-
cause of the motion some values are less than —0.5 but
the rotations are within 1° of giving —0.5 except for
OSU runs 4 and 7 and UBC run 4 where the motion was
particularly bad as evidenced by the large values of
o»=(2%)}. When applying this —0.5 criterion it would
be better to work at lower frequencies where R,.
changes more rapidly. However, the data runs are not
long enough for good statistics, the motion effects are
more severe, and the proper value is not known since
Smith’s and Weiler and Burling’s results are scattered
below fz/U=0.01. At higher frequencies R, is less
sensitive to rotation, and the wave effects cause errors
as well. The angles used to make (R,,)=~—0.5 are
typically about —10°. Part of this 10° may be due to
leveling errors of the instrument.

This uncertainty in the correctness of the coordinate
system introduces some scatter in the results so that for
an individual run #w may be in error 15-259 and the
scalar fluxes 5-10%. When we obtain quantities by
averaging over the whole data set, the effects should be
reduced to perhaps 109, for quantities based on 7w and
5% for quantities based on the scalar fluxes. The use of
this criterion, of course, depends on the assumption that
Flip’s rotation of the mean flow does not affect Ry, in
the range of fz/U which was used. The fact that the
results agree in many ways with previous results gives
credance to the validity of this assumption.
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The rotations do not have much effect on the dissipa-
tion method since the structure functions are quite
insensitive to rotations of the coordinate system. A
demonstration of this fact is given in Paquin and Pond
(1971). There are, of course, other errors in the dissipa-
tion method because of the assumptions made and the

fact that we are working near the low-frequency or
large-scale limits of the inertial subrange.

4. Results

In presenting the results we have not attempted to
distinguish the individual runs because there are so
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many that it would be impossible to do so on a single
plot. We distinguish among different groups of data
when we feel the differences are significant.

In the spectra and cospectra the lower frequency
points have a narrower bandwidth and hence are sub-
ject to more statistical variation. The concept of degrees
of freedom which is based on Gaussian statistics is
nearly useless for atmospheric turbulence data. The
observed variability from block to block within a run
is larger for spectra and very much larger for cospectra
than the degrees of freedom concept would predict. The
actual scatter in the figures is probably as good a
measure as any of the statistical variability.

a. Spectra and cospecira

Normalized spectra of %, v and w are shown in Fig. 2.
The abscissa of the diagrams is the logye of the “natural
frequency’”’ fz/U. The vertical coordinates are nor-
malized with 2%=g¢,2 Because of the rotation problem,
#42, which might otherwise be used, may be more in
error than usual. Because of the poorer statistics at low
frequencies and the relatively greater contribution from
high frequencies to o,% it is always more reliably
measured than u,%. A comparison of these spectra with
other measurements such as Miyake et al. (1970b) or
Smith (1967) shows that the spectral shapes and levels
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are very similar with some differences in certain ranges.
Most noticeable are the large wvalues between
—1<log (fz/U)< ~0.5. These peaks are due to the
wave-induced Flip motion, and one can see that they
are easy toremove as we have done in the final integrals.
For log (fz/U)< —2 the v spectra are on average higher
than one might expect from previous results. This
peaking is caused by Flip’s rotation about her vertical
axis. The values of o, are correspondingly too large and
no conclusions can be drawn from them. The w spectra
show perhaps a bit more scatter at low frequencies due
to errors in the #,w coordinate rotations. However, on
the average, they are very close to the previous results.
The fact that we have produced the correct shape for
this spectrum lends some support to our method of
coordinate rotation. There is a little bit of aliasing above
log (f2/U)=0.5. This aliasing is caused by setting the
analog filter cutoff above the Nyquist frequency. How-
ever, it insures that no significant high-frequency
contributions to the integrals were lost.

Fig. 3 shows the #w cospectra on both a linear (f®u.)
and a logarithmic plot against log (fz2/U). Again we
have normalized with %? rather than u,? A plot
normalized with %42 would, in fact, look very similar
except for a shift in the vertical scale since o,/ does
not vary a great deal for these runs. The wave effects
show up again but can and have been removed from
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the final integrals. We note, too, the occasional negative
values (which cannot be shown on the log plot) at low
frequencies on the linear plot. Such negative values can
and do occur because of statistical variations and are
one of the reasons why such parameters as o./#s and
Cp show quite a lot of scatter. There is quite a lot of
scatter at low frequencies partly from errors in the
rotation and partly from statistical variations. We have
not done any smoothing (such as hamming or hanning)
other than band and block averaging. Not all the large
values on the plots are associated with any one
run and, in general, the cospectra appear to have con-
verged fairly well at low frequencies. As for the velocity
spectra, our results for the #w cospectra are similar to
other measurements.

The normalized wT and wq cospectra are shown in
Fig. 4. The normalization of the vertical coordinate has
been done with the corresponding flux values w7 and
wq. There are a few small negative values at low fre-
quencies in these cospectra which are omitted in these
log plots. The wg cospectra are very similar in shape to
the uw cospectra. From measurements over land Miyake
and McBean (1970) have found the same similarity in
their measurements. Our wg cospectra are similar to
theirs. For the w7 cospectra we have distinguished
between the San Diego and BOMEX data because they
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seem to be different. The wT cospectra for the San Diego
data are very similar to the wg cospectra. (OSU Run 3
is not included since there are only 13 min of tempera-
ture data. The last few values at high frequency are
probably low due to reduced response of the tempera-
ture sensor.) For the BOMEX data much more of the
contribution to w7 is at high frequencies.

b. Fluxes

Table 1 summarizes the flux results. (Supplementary
data and data related to the rotations are given in the
Appendix.) Actual stress values 7, heat fluxes, the
Bowen ratio R (sensible heat flux/latent heat flux), and
the stability parameter z/L are given in the last
columns. These values are based on the eddy correla-
tions. Values from the dissipation methods may be
calculated using the formulas and parameter values in
the section on methods of determining the fluxes.

The flux values in the table are presented graphically
in Figs. 5-7. Fig. 5 shows u4? determined by both eddy
correlation and dissipation methods as a function of U2
Fig. 6 shows the temperature flux (kuxTs) as a function
of UAT. (There is one BOMEX run which appears to
fit better with the San Diego data than with the other
BOMEX data. This difference arises because the
recorded AT is rather larger than for any other BOMEX
run. We suspect that there may be a reading error in
Twir of 1C since the recorded values around this run
show larger variations than were usually typical. We
cannot find an obvious error and have therefore included
this result although it is somewhat questionable.) Fig. 7
shows the moisture flux as a function of UAgq.
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5. Discussion
a. The ratio au/us and 7y,

The average value of o,/#y for our results is
1.3240.09 (& figures are standard deviations). This
value is somewhat smaller than the results obtained by
Miyake et al. (1970a) of 1.4740.26 (eight runs) and
Miyake and McBean (1970) of 1.4940.13 (four runs).
It is larger than the values summarized in Lumley and
Panofsky (1964) which range from 0.7 to 1.33 with a
suggested “best value’’ of 1.05. McBean (1970) obtains
1.53+0.16 from extensive measurements over land
(79 runs with z/L negative). Busch and Panofsky (1968)
suggest that the value is 1.3 for unstable conditions. If
the value of this ratio were better established, it might
provide an alternative method of rotating in the
vertical, although it is somewhat less sensitive to rota-
tion than (R,.), changing only about —6%, per degree.
Higher values of this ratio would lead to lower values
of Cp and — (R,.,). The values of the overall correlation,
— = — U/ 40, 0y =(4?)}] would also be reduced
(129, per degree). Our average value of —r7y, is
0.262-4-0.035 which agrees well with the values 0.250
#+0.058 obtained by Miyake ef al. (1970b). Our values
might be expected to be slightly lower because o, may
be slightly larger than it should be because of the
motion effects. The criterion that —7,,=0.25 could
have been used instead of the criterion (Ruw)=—0.5
but it is perhaps less well established and in our case
made slightly less reliable by the motion effects. How-
ever, our average value satisfies this criterion which
suggests that our rotation method is valid. The values
of 74, are given in the Appendix and show that, in
general, we are within a degree or two of satisfying the
criterion 74, =—0.25. The fact that r.,, o./usx and
(R..) are all reasonable, both for the individual runs
and for the average, and that the shapes of the spectra
and ww cospectra look right gives considerable support
to the validity of our eddy correlation fluxes.

We cannot see any particular trend in o,/#s as a
function of stability, but our range of z/L values is small.
It has been suggested that o,/%. increases as —z/L
increases, but this increase must at best be very small—
at least for moderate values of —z/L (values <3-1).
It is well known that the buoyancy production term 2B
initially enhances @2 It is often overlooked that in the
corresponding equation for the rate of change of ww
there is a term like B which tends to increase #w. This
term is identical in form to B [Eq. (8)] except that %
replaces w. The values %7 and %g are also given in the
Appendix, and it can be seen that the buoyancy
production term in the ww equation is usually larger
than 2B. This term will at least prevent o./u#s from
increasing rapidly with —z/L. With a greater range of
stability McBean (1970) shows a very slightly increasing
trend for unstable conditions. The trend is not very
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certain because it is small compared to the scatter.
Busch and Panofsky (1968) suggest that ou./us is
independent of z/L for unstable conditions.

b. Normalized spectra and cospectra

All the spectra have been normalized in a way con-
sistent with the Monin-Obukhov similarity theory.
While there is some uncertainty in our results due to
motion and flow effects, we nevertheless find (except
where these effects can be identified) that our results
look very similar to those obtained by Miyake ef al.
(1970b), Smith (1967), Busch and Panofsky (1968),
McBean (1970), etc., except for the wT cospectra.
According to similarity theory such normalized spectra
and cospectra may be functions of stability (z/L).
Since our range of stability is small, we are unlikely to
see such effects. However, from results over land with
a greater range of stability (Busch and Panofsky, 1968;
McBean, 1970), it appears that stability effects for
spectra and cospectra are very small for near neutral to
moderately unstable (—z/L up to % or so) conditions.
Thus, it seems that under typical oceanic conditions
within a few meters of the surface the velocity spectra,
uw cospectra and wg cospectra have “universal” non-
dimensional forms. Of course any one run (realization)
will show some statistical variation. Further, as also
noted by Miyake and McBean (1970), the shapes of
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the ww and wq cospectra seem to be very similar. The
w7 cospectra do not seem to fit with the theory. This
discrepancy may be caused by the fact that similarity
theory does not include the effects of longwave radiation
on the temperature field which may be quite strong
during BOMEX because the absolute humidity is high
(Phelps and Pond, 1971).

c. Momentum flux

While there is quite a lot of scatter between values in
individual runs, the eddy correlation and dissipation
techniques agree very well on the average. The values
given are for a height of about 8 m rather than the more
usual reference height of 10 m but the difference is
negligible (typically, Cp would be lowered by about
3%). No trend with wind speed is apparent over our
small range of U. Both methods give the same value
of Cp of 1.5X10~% with standard deviations of 0.26 for
eddy correlation results and 0.40 for the dissipation
results. Note that we have not made a stability correc-
tion to the wind profile in the production term which
would give about 259, larger values for the dissipation
method. This additional correction would lead to a
rather large Cp of 1.9X1072. The dissipation method is
somewhat empirical, and we feel that the method we
have used is the most satisfactory one. It gives good
comparisons with the eddy fluxes not only for our re-
sults but also for those of Miyake ef al. (1970a) which
do not have uncertainties in them due to flow distortion
and motion effects.

The value of the drag coefficient seems a bit large but
is not unreasonable, compared to other results both
from eddy correlations and profiles. Deacon and Webb
(1962) summarize many results, mainly obtained by
profile measurements. For 10 m height they give
Cp=(1.04-0.07U)X1072. For our range of wind speed
this formula gives values ranging from 1.28XX10-3 to
1.5X 1073, Hasse (1970) summarizes values of other
workers ranging from 1X10~% to 1.8X1073. From his
own results he gives (1.2140.24)X10~% (mean plus
standard deviation) at 10 m height, while Miyake ef al.
(1970a) and Smith (1970) obtain (1.12-0.18) X 10~ and
(1.354£0.34) X108, respectively. The Hasse and
Miyake et al. results were obtained in less unstable
conditions than ours. As noted before the convective
activity tends to increase ww over what it would be in
neutral conditions. This effect will therefore cause Cpn
to increase with ~z/L, and may at least partially
explain the difference from these results. We cannot
see any trend in Cp with z/L but our range of 2/L is
small and Cp’s rather uncertain. Hasse suggests that
there is such a trend in his results but Smith does not
see any systematic stability effects. This possible
stability dependence is worth further examination,
although the effects may be very difficult to pick out of
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the natural variability of the process, particularly since
the range of stabilities usually encountered at sea is
not very large. The value of Cp may also be affected
by Flip’s interference with the flow which may decrease
U from the value typical of the wind field farther away
from the ship, although wind tunncl model studies on
Flip suggest that this effect should be a few percent
at most.

d. Sensible heat flux

On Fig. 6 we have distinguished between the San
Diego and BOMEX data. Like the wT cospectrum, the
two sets of data seem quite different. The wT" value for
OSU run 3 is omitted since it is based on only 13 min of
data. For the San Diego data, where T and ¢ behave
in a very similar way, the eddy correlation and dissipa-~
tion methods seem to agree fairly well and to be related
to UAT. Hasse (1970) obtains good correlation between
wl and UAT and gives Cr=1X10"3. Our Cy’s for
San Diego are consistent with this value. The amount
of data is too small to draw any conclusions but the
results suggest further comparisons of eddy correlation,
dissipation, and aerodynamic methods may be fruitful
in temperate regions.

During BOMEX the eddy correlation and dissipation
methods do not agree. Nor do they seem to be related
to UAT. Admittedly the values of AT are very small
but the errors are unlikely to be large enough to explain
the discrepancy. An average error of about 1.5C would
be necessary, in contrast to a probable error of 0.3C
including thermometer differences and reading errors.
Furthermore, AT errors cannot explain the discrepancy
between the eddy correlation and dissipation methods.
The reasons for these discrepancies are rather com-
plicated and depend, at least in part, on the nature of
the ¢ and T variations which are quite interesting in
themselves. The similarities and differences of the
humidity and temperature fluctuations and their rela-
tions with the velocity fluctuations are given in Phelps
and Pond (1971). [McBean (1970) also compares some
of the BOMEX results for T and ¢ with his measure-
ments over land which aids in understanding the
BOMEX results for T and ¢.] In computing AT we
have not allowed for the fact that the surface tempera-
ture will be somewhat lower than the “bucket tem-
perature’ which we used since the correction is not well
known. We have not included the adiabatic lapse rate
either, which would reduce all A7’s by 0.08C, since the
correction is negligible for the San Diego data and
immaterial for the BOMEX data. Such corrections
would make the BOMEX: discrepancies even greater.

For the BOMEX data we must regard only the eddy
flux values as reliable (to 10-15%,) and accept the fact
that the aerodynamic approach is not useful. From a
practical point of view there is no real difficulty. The



SepreEMBER 1971 POND, PHELPS,
sensible heat flux is a very small part of the total heat
flux and does not seem to vary much. We may either
take a fixed value of 1.3 mW cm™2 or take H,=0.1H .
Either method should give acceptable results for the
early part of the BOMEX experiment.

For the BOMEX data the Bowen ratio R based on
the observed eddy fluxes has an average value of 0.10,
about what might be expected for this region. Note,

however, that because @7 is not related to UAT,
formulas for predicting R from AT and Ag such as that
given by Roll (1965) [R=0.48AT/(Aq), made consistent
with our humidity units] will not give correct values
but values that are too low by a factor of two or more.
For the San Diego data the formula agrees fairly well
with observed values of R.

e. Latent heat flux

The dissipation method gives values of the moisture
flux in good agreement with but a little larger than those
from the eddy correlation method on the average. There
are uncertainties from the rotation and the assumptions
in the dissipation method, but the calibration uncer-
tainties essentially cancel out. The correctness of the
dissipation method must be regarded as tentative until
further tests are made, but the results are encouraging.
The fluxes by both methods show a strong functional
relationship with UAg. This result needs further testing
too over a wider range of wind speed and geographical
location. The moisture fluxes range from 125 to 250 cm
year—! which seem to be reasonable values.

Based on the eddy correlation measurements we
obtain C,=(1.2340.17)X10~% while the dissipation
method gives (1.2540.25)X107%. No trend with wind
speed or stability is apparent over our fairly narrow
range of these parameters. It is difficult to compare this
result with other results because they are not based on
direct measurements close to the surface. From aircraft
observations Bunker (1960) obtains about 1X1073,
Based on 365 days of evaporation pan observations by
Wust on the Meteor in the Atlantic from 25N to 555,
Sverdrup (1951) obtains values from 1.1X107% to
1.4X1073 for different geographical regions. The overall
average is 1.3X107%, Phelps (1971) summarizes these
and other results including some based on climatological
averages which range from 1X107% to 3)X107% Deacon
and Webb (1962) give values for C, between about
1X1072 and 1.6X10~? based on their formula for Cp
and various hypotheses for the moisture exchange
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process. Qur value is also similar to the value of Cr ob-
tained by Hasse (1970) from a region where (as sug-
gested by the few San Diego results) we might expect
C, and C7 to be about the same.

The derivation of the aerodynamical formulas given
in Roll (1965) would suggest C,>Cp for unstable condi-
tions. For our results C,<Cp on the average, although,
because of the scatter and other uncertainties, the
difference may not be significant. A bucket temperature

"is used rather than the actual surface temperature which

would be somewhat lower (e.g., Saunders, 1967). For
example, a 1C lower surface temperature would make
Aq 20%, lower and C, 209, higher (although the actual
difference would probably be smaller). It is, of course,
more practical to use a bucket temperature, but then
we should not necessarily expect C;>Cp. Furthermore,
the relation C,2Cp is based on obtaining the bulk
formulas by integration of the profile equations; how-
ever, because of the peculiar nature of the surface
boundary, due to the presence of waves, the profile
equations may not be correct very close to the surface.
Thus, the bulk aerodynamic approach must be verified
and the coefficients obtained by observations rather
than theoretical arguments.

On the basis of our present results we suggest that the
latent heat flux is given by 1.2X10~® LUAq with an
uncertainty of about 209;. More direct observations of
the latent heat flux are needed to test this result.
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